Abstract. The discovery of new fluorescent proteins ͑FPs͒ that emit in the far-red part of the spectrum, where light absorption from tissue is significantly lower than in the visible, offers the possibility for noninvasive biological interrogation at the entire organ or small animal level in vivo. The performance of FPs in deep-tissue imaging depends not only on their optical characteristics, but also on the wavelengthdependent tissue absorption and the depth of the fluorescence activity. To determine the optimal choice of FP and illumination wavelength, we compared the performance of five of the most promising FPs: tdTomato, mCherry, mRaspberry, mPlum, and Katushka. We experimentally measured the signal strength through mice and employed theoretical predictions to obtain an understanding of the performance of different illumination scenarios, especially as they pertain to tomographic imaging. It was found that the appropriate combination of red-shifted proteins and illumination wavelengths can improve detection sensitivity in small animals by at least two orders of magnitude compared with green FP. It is also shown that the steep attenuation change of the hemoglobin spectrum around the 600-nm range may significantly affect the detection sensitivity and, therefore, necessitates the careful selection of illumination wavelengths for optimal imaging performance.
Introduction
The introduction of transgenes that express fluorescent proteins ͑FPs͒ into cells has revolutionized the ability to visualize many cellular and subcellular processes that are otherwise invisible with traditional means of optical imaging. 1 Therefore, FPs have become important tools in biomedical research and their use spans many application areas, including the assessment of cell biodistribution and cell mobility, the study of protein activity and protein interactions in vivo or the dynamic visualization of transcription. Similarly, many application fields benefit from this technology, including cancer research, 2, 3 immunology, 4 stem cell research, 5 and others. Ex vivo and intravital microscopies of FPs at the cellular level have led to unparalleled biological insights. 6, 7 Microscopic fluorescence imaging is generally performed on excised thin tissue slices or in vivo at penetration depths typically of the order of 200 to 500 m. For imaging deeper seated FP activity at the organ and whole animal level, macroscopic imaging has been considered 2 to study, for example, cancer metastasis 8, 9 and angiogenesis 10 and to monitor cancer progression and treatment efficiency. 11 In these studies, imaging is performed using a charge-coupled device ͑CCD͒ camera in epi-illumination mode, that is, by capturing fluorescence images from the animal side that is illuminated by the excitation light. Epi-illumination imaging can image deeper than microscopy, reaching depths of a few millimeters, but the images obtained are of significantly reduced resolution compared with that of microscopy due to tissue scattering. In addition, signals that come from deep-seated regions are highly attenuated compared with signals from more superficial activity and skin autofluorescence. This reduces the contrast achieved in epi-illumination mode, when imaging activity that seats deeper than a few millimeters, which makes whole-body animal imaging challenging.
An alternative imaging geometry is transillumination, which illuminates the object of interest using one or multiple sources on one side and collects the emitted fluorescence from the opposite side. The signal attenuation is better balanced between deep and superficially seated fluorescence activity, because the combined excitation and emission light pathways are similar for all depths sampled. Transillumination data have been used in planar or three-dimensional tomographic imaging for imaging deep-seated fluorescence biodistribution with increased sensitivity and resolution compared with epiillumination imaging in phantoms and in vivo. [12] [13] [14] Imaging of fluorescence proteins has been similarly showcased. 13, 15 However, conventional FPs emit in the visible range, where light absorption by tissue is strong. Therefore, sensitive detection through entire animals has been challenging when imaging, for example, variants of the green or red FPs at spectral windows in the 400 to 600-nm range.
The recent evolution of red-shifted FPs [16] [17] [18] that emit beyond the 600-nm barrier, where light absorption by tissue is considerably reduced, can enable sensitive in vivo detection of fluorescence proteins through entire animals using threedimensional tomographic methods, in analogy to fluorescence tomography in the near-infrared range. 19, 20 The performance of these proteins in whole-body imaging depends not only on the FP brightness, expression efficiency, and toxicity but also on the particular attenuation of each protein by the wavelength-dependent tissue absorption. Because tissue absorption and scattering result in a nonlinear attenuation of photon signal as a function of depth and optical properties, previous observations of FP-expressing cells implanted at a shallow depth 21 do not reflect the overall performance of each of the proteins when considering whole-body imaging.
In this paper, we examine, therefore, the performance characteristics of promising new red-shifted FPs for whole-body imaging ͑i.e., tdTomato, mCherry, mRaspberry, mPlum, Katushka͒ and contrast these findings with imaging enhanced green FP ͑GFP͒. These FPs were selected to include FPs of high brightness ͑i.e., tdTomato͒ or near-infrared-shifted emission spectra ͑i.e., mCherry, mRaspberry, mPlum, Katushka͒. Experimental measurements from cells expressing tdTomato and mCherry were translated with appropriate theoretical models to obtain performance predictions for whole-body imaging. Overall red-shifted FPs were found to improve detection sensitivity in whole-body imaging applications by at least two orders of magnitude over GFP. In addition, the steep drop of the absorption coefficient of tissue at the ϳ590 to 630-nm spectral region makes the performance sensitive to the selection of illumination parameters. Overall it is showcased that farnesyl-protein tranferase of red-shifted FPs can lead to an important biomedical imaging approach for the noninvasive assessment of cellular and subcellular function in vivo.
Methods

Cell Lines, Sample Preparation, and Surgical Procedures
Lentivirus vectors bearing GFP ͑Clontech͒, mCherry, or tdTomato ͑from Dr. Roger Tsien, University of California San Diego͒ in front of the cytomegatovirus promoter were constructed based on the lentivirus ͑LV͒ cloning vector CSCGW ͑Ref. 22͒ thus resulting in LV-GFP, LV-mCherry, and LVtdTomato. Lentivirus vector preparation was previously described in Ref. 22 . In brief, 293T human embryonic kidney fibroblasts cells were cotransfected with the LV-GFP, the LVmCherry, or the LV-tdTomato plasmids, with the lentivirus packaging genome CMVR⌬8.91 ͑from Dr. Didier Trono, University of Geneva, Switzerland͒ and with the envelopecoding plasmid pVSV-G ͑provided by Dr. Miguel SenaEsteves, Massachusetts General Hospital, Charlestown, Massachusetts͒. After 72 hrs, lentivirus vector supernatant was harvested, concentrated by ultracentrifugation and titrated as transducing units ͑t.u.͒/ml on 293T cells in the presence of 10 g / mL polybrene ͑Sigma͒ by counting the fluorescentpositive cells 48-h after infection. Human glioma cells transduced with the LV-GFP or LV-mCherry or LV-tdTomato were sorted by the FacsCalibur Cell sorter ͑BD Biosciences, San Jose, California͒. The corresponding wild-type ͑WT͒ cells were also employed for control measurements.
To experimentally measure the relative intensity imparted by the different FPs examined, we prepared small volumes of the cells placed inside thin transparent glass capillary tubes of 0.9-mm inner diameter. The cells were suspended in phosphate buffer solution and were slightly centrifuged to create a pellet of virtually constant cell density at the bottom of each tube. This procedure resulted in approximately 1 million glioma-36 cells occupying 3 L, and correspondingly 0.5 million U87 cells in 3 L, the U87 cells being slightly bigger in size.
Human glioma cells expressing GFP and tdTomato were harvested by trypsinization and stereotactically implanted into the right frontal lobe of nude ͑nu/nu͒ athymic mice ͑500 000 cells/mouse, in 4 L phosphate buffered solution͒ ͑from bregma, anteroposterior: −2 mm, mediolateral: 1.5 mm V; from dura: 2 mm͒. The study was performed according to the procedures approved by the Massachusetts General Hospital.
Imaging System
The experimental setup used for epi-illumination and for transillumination imaging is similar to the one described in Refs. 12 and 14. The object ͑mouse͒ is placed in a water-tight chamber slightly compressed between two glass plates. The chamber is filled with a fluid that approximates the optical properties of the tissue for reducing stray light propagating through the sides of the mouse and simplifying the theoretical model required for quantitative measurements. Two continuous-wave excitation sources were used, an argon-ion laser tuned at 488 and 514 nm ͑Melles Griot, Carlsbad, California͒ and a frequency doubled neodymium yttrium aluminum garnet laser at 532 nm ͑B&W Tek, Newark, Delaware͒. For epi-illumination imaging, the excitation light is spatially expanded to uniformly illuminate the object or mouse imaged. In transillumination mode, light is delivered through a galvanometer-controlled set of two mirrors ͑Nutfield Technology, Inc., Windham, New Hampshire͒ that can x-y translate a 0.5-mm diameter spot on one side of the object imaged. Photons propagating through tissues are captured on the other side of the object using a Princeton Instruments Inc. ͑Trenton, New Jersey͒ VersArray CCD camera with 1024 2 pixel CCD array cooled to −70°C, through a 50-mm f / 1.2 photographic lens ͑Nikon Corp., Japan͒. Multiple fluorescence bands were captured using three-cavity bandpass interference filters ͑Andover Corp., New Hampshire Salem, and Omega Optical, Inc., Brattleboro, Vermont͒, placed in front of the lens at 513Ϯ 5 nm, 610Ϯ 10 nm, 630Ϯ 10 nm, and 670Ϯ 30 nm.
Spectrally Dependent Tissue Attenuation
The fluorescence strength collected at different spectral bands depends on tissue attenuation characteristics for each of these bands. To determine this spectrally dependent tissue attenuation, as it relates to the spectral bands selected for fluorescence measurements, we used a fiber-based spectrometer. The experimental setup consisted of a tungsten halogen lamp coupled to a multimode fiber to guide light onto the mouse tissue, acting as a point source. The light propagated inside the tissue and was collected by a second fiber, which was in contact with tissue on the opposite side of the source fiber, and delivered to a CCD spectrophotometer ͑Ocean Optics Inc., Dunedin, Florida͒ to measure the intensity of the transmitted light I t , which is proportional to the relative transmission T. The measured spectrum of the transmitted light was normalized by dividing with the reference spectrum of the illuminating source. The measurements were taken through the upper thoracic area along the dorsal-ventral direction both in vivo and postmortem as a function of time after overdose injection with ketamine-xylazine. Figure 1 depicts the relative spectral attenuation ln͑1 / I t ͒ as measured in vivo and postmortem for two different tissue thicknesses ͑i.e., 0.4 and 0.8 cm͒.
It can be seen that the in vivo spectral curve is similar to the absorption curve of oxygenated hemoglobin, but the postmortem spectra are gradually becoming similar to the absorption spectrum of deoxygenated hemoglobin. 23 
Epi-Illumination Imaging of FPs in Tubes
The relative brightness B r of the FPs examined is defined as the peak fluorescence emission intensity of the FP-expressing cells at optimum excitation wavelength, normalized to the peak emission of the reference FP ͑here GFP͒ for the same excitation intensity. Although the values of the relative emission efficiency of the red-shifted FPs are reported in the literature, 16, 24 they were experimentally determined herein to account for possible experimental uncertainties, such as the variable cell density of the cells in the pellet or the level of expression.
A series of epi-illumination images of GFP-, tdTomato-, and mCherry-expressing cells and WT cells in tubes excited with 488-and 532-nm laser lines were captured using the 610-, 630-, and 670-nm bandpass filters. The tubes were closely placed on a flat black absorbing surface and excited with an off-axis slightly diverging p-polarized illuminating field. The fluorescent field was captured using a crossed polarizer to eliminate the reflections from the surface of the glass tubes. The intensity of the excitation field incident on the tubes was 50 and 70 W / cm 2 for the 488-and the 532-nm laser illumination, respectively, and correspondingly, the exposure times were set to 0.3 and 0.1 s. The raw images were normalized for the exposure time and the interference filter bandwidth and were also corrected for the slight inhomogeneity of the illuminating field by dividing with the image of the illuminating field on a white flat diffusive surface in the absence of the tubes.
Transillumination Imaging of FPs Inside Tissue
Two different experiments were performed to measure the intensity of fluorescence signals emanating from deep-tissue in transillumination mode: ͑a͒ with cells in tubes inserted postmortem into the esophagus of nude mice and ͑b͒ using cells implanted in the brain to form a tumor. In both experiments, mice were euthanized by carbon dioxide prior to the experiment to allow for flexibility in setting up the measurements without the need for prolonged anesthesia. Imaging was performed under consecutive illumination of the laser beam scanned at the 488-and 532-nm excitation wavelengths. All raw images were normalized for the exposure time, filter bandwidth, and number of cells and signals are reported as counts/ s / nm/ 10 6 cells.
In the implanted tube experiment, a mouse was euthanized and placed inside the chamber with the dorsal side toward the sources and the ventral toward the camera and was illuminated consecutively at two points on the dorsal side of its upper thorax. The four tubes were consecutively inserted and removed from the esophagus of the same mouse ensuring that the bottom of each tube was reaching the same location in the upper thoracic area, just above the heart. The tube in the esophagus was located 8 mm from the dorsal glass plate ͑source-tube distance r st = 0.8 cm͒ and 4 mm from the ventral glass plate ͑tube-detector distance r td = 0.4 cm͒. Accurate and repeatable positioning of the tubes was critical to achieve identical geometry and imaging conditions and, therefore, to allow for the direct comparison between the FP protein signals. Fluorescence images were acquired at the 488-and 532-nm illumination laser lines and for 513-and 610-nm bandpass filters for GFP-, tdTomato-, and mCherryexpressing cell lines, as well as for the WT cells that served as controls to independently record tissue and cell autofluorescence.
In the brain imaging experiments, two mice were implanted with GFP-and tdTomato-expressing cells to form tumors in the brain and were imaged 3 days after implantation. The brain was illuminated at 488, 514, and 532 nm with two 50-mW sources. Illumination was incident on the ventral side, and light was collected from the dorsal side. The other imaging parameters were kept the same as in the implanted tube experiments. Images of the head were captured at several excitation ͑488, 514, and 532 nm͒ and fluorescence ͑610Ϯ 10, 630Ϯ 10, and 670Ϯ 30 nm͒ wavelengths. The fluorescent images were post-processed by applying a threshold to reject background noise. 12 A portion of the image recorded in the excitation wavelength was subtracted from the fluorescence image to correct for tissue autofluorescence.
Calculation of Light Attenuation in Tissue
Quantification of the relative intensity of fluorescent signals due to deep-seated FP activity was based on a diffusionequation-based model for photon propagation in tissue. The use of solutions of the diffusion equation for modeling photon propagation in tissues in the visible range were shown to be valid when using a modified diffusion coefficient. 25 To model the particular experimental geometry used herein, we assumed excitation light from a point source, with intensity I o , that is incident on the mouse surface and propagates for 0.8 cm inside tissue. At 0.8 cm, the excitation light reaches and excites the tubes of FP with intensity I x = T 0.8 I o , where T 0.8 is the relative spectral transmittance for 0.8 cm as calculated from the tissue spectral measurements described in Sec. 2.3 ͑see also 
͑1͒
The accuracy of this simplified propagation model is initially tested by fitting the experimental data from the GFPtdTomato-mCherry mouse-tube experiment ͑Sec. 2.5͒ and then applied to predict the intensity emission for new FPs that attain good performance characteristics for in vivo applications.
Results
Relative Brightness of the FPs
In the literature, the relative brightness of the FPs is reported when excited at the optimum wavelength ͑see Table 1 for a summary of the optical properties of the most interesting FPs͒. However, in practical applications the optimum excitation wavelength might not be available, and the actual relative brightness values can be different when exciting the proteins with the commercially available laser lines. Here we present the results of our experiments to determine the relative brightness for these wavelengths. In Fig. 2 , we present the normalized images of the FPs in tubes acquired as described in Sec. 2.4. The intensity signal of the GFP was 4371 counts/ s / nm/ 10 6 cells when excited at 488 nm, for the tdTomato it was 5572 and 14 488 counts/ s / nm/ 10 6 cells when excited at 488 and 532 nm, respectively, and for the mCherry it was 1447 counts/ s / nm/ 10 6 cells when excited at 532 nm. Taking into account the mismatch in the intensities of the excitation fields ͑50 and 70 W / cm 2 at 488 and 532 nm, respectively͒, the calculated relative brightness of the cells over GFP was 0.91 and 1.87 for tdTomato excited at 488 and 532 nm, respectively, and 0.23 for mCherry excited at 532 nm. In Fig. 3 , the data from the fluorescence epiillumination images of Fig. 2 are plotted versus emission wavelength together with the relative emission spectra of the FPs as published in the literature. 16, 17, 24 The results show that tdTomato is the brightest FP when excited at 532 nm; however, its emission in 610 nm is only twice as bright compared with GFP fluorescence at 514 nm. The signal from the WT cells marks the background/noise level.
These results do not coincide with the values as reported in the literature because of the different excitation and emission wavelengths. Here, we introduce a model that accounts for the difference due to the wavelength mismatch that will be used to predict the reduced relative brightness values for every FP. The brightness B is proportional to the quantum yield q and the molar extinction coefficient ex max .
B ϳ q ex max , ͑2͒ measured at the peak absorption/excitation wavelength ex max and the relative brightness B r is normalized to the GFP value.
According to Kasha-Vavilov rule, the quantum yield is independent of the excitation wavelength, so the brightness depends only on the molar extinction coefficient at the wavelength of interest ex and is a fraction of the maximum brightness. The excitation mismatch factor is calculated by the spectral absorption data of the FPs as given in the literature and is given in Table 1 under the excitation mismatch coefficient column. Assuming that the B ϳ q ex relation holds true for adjacent wavelengths, we calculate the reduced relative brightness B r Ј. The calculated values are 0.98 for GFP excited at 488 nm, 0.83 and 1.88 for tdTomato excited at 488 and 532 nm, respectively, and 0.18 for mCherry excited at 532 nm, which are consistent with our measurements as presented in Fig. 3 . These values serve as the actual relative FP brightness and are used as a reference in the calculation of the relative fluorescence intensity through deep tissue.
Fluorescence Intensity from Activity Located Deep Inside Tissue
Here, we present the transillumination images of the fluorescence from the proteins located inside deep tissue from two experiments ͑Sec. 2.5͒: With the tubes inside the esophagus ͓Figs. 4͑a͒-4͑d͔͒ and with the brain tumors ͓Figs. 4͑e͒ and 4͑f͔͒. The tubes with GFP, tdTomato, mCherry, and control cells that were placed into the esophagus were excited with two illumination sources ͓the geometry is shown in Fig. 4͑a͔͒ . Representative images of the fluorescent signals of the tdTomato and WT-control cells excited at 488 nm and imaged with the 610 nm filter are illustrated in Figs. 4͑b͒ and 4͑c͒ , respectively. Examination of the raw data shows that the fluorescence signal measured from the tdTomato cells ͑maximum: 2.2 counts/ s / nm/ 10 6 cells͒ is comparable to the signal from the WT cells' fluorescence image ͑maximum: 1.3 counts/ s / nm/ 10 6 cells͒. This signal is actually attributed to the autofluorescence from the tissue, because the fluorescence from the WT cells is negligible ͑Fig. 3͒. Observation of the WT cell images for all wavelengths reveals that the autofluorescence signal intensity ͑a͒ was lower for the 488-nm excitation compared with the 532-nm excitation and ͑b͒ was increasing for higher wavelengths ͑filters at 610, 630, and 670 nm͒. These observations seem to contradict the notion that autofluorescence is decreasing with increasing excitation and emission wavelength. 26, 27 However, light absorption by tissue is higher at 532 nm in comparison with 488 nm ͑Fig. 1͒; therefore, more tissue molecules are excited at 532 nm to emit autofluorescence.
To accurately calculate the actual fluorescent signal of each FP, we subtracted the corresponding autofluorescence images ͑WT cells͒ from all FP fluorescence images. For example, in Fig. 4͑d͒ , we present the net fluorescence image of tdTomato cells excited at 488 nm, as calculated by subtraction of the corresponding autofluorescence image ͓Fig. 4͑c͔͒ from the original image ͓Fig. 4͑b͔͒; all images were similarly processed. The emanating intensity of GFP ͓excitation wavelength ͑ex.͒: 488 nm, emission wavelength ͑em.͒: 514 nm͔ was 0.49 counts/ s / nm/ 10 6 cells, of tdTomato excitation ͑ex.: 488 and 532 nm, em.: 610 nm͒ was 1.53 and 0.25 counts/ s / nm/ 10 6 cells, respectively, but mCherry ͑ex.: 532 nm, em.: 610 nm͒ is slightly above detection level with 0.025 counts/ s / nm/ 10 6 cells. Although in epi-illumination mode, tdTomato was excited more efficiently at 532 nm compared with 488 nm ͑see Fig. 3͒ , in deep tissue imaging, it was found to be more sensitive for the 488-nm excitation instead of the 532-nm excitation. This is because the relative transmitted intensity for 0.8-cm thick ex vivo tissue is significantly higher at 488 nm ͑i.e., I t ͑532͒ / I t ͑488͒ Ӎ 0.07͒ as seen in Fig. 1 . This is also an advantage for GFP excited at 488 nm and collected at 514 nm ͑which emits 0.49 counts/ s / nm/ 10 6 cells͒. Finally, we imaged the two mice with brain tumors expressing GFP and tdTomato in transillumination mode. The GFP tumor was excited at 488 nm; fluorescence was collected at 513 nm; and the tdTomato tumor was excited at 488, 514, and 532 nm and was collected at 610 nm. For example, in Figs. 4͑e͒ and 4͑f͒ , we present the fluorescence transillumination fluorescence images of GFP and tdTomato tumors ͑ex.: 488 nm, em.: 610 nm͒ overlaid on the corresponding reflectance images of the heads. The peak fluorescence signals for GFP and tdTomato are 2 and 3 counts/ s / nm/ 10 6 cells, respectively, and are both located at the right hemisphere of the brain, which is congruent with the implantation position. It is evident that the intensity of the FPs from the tumors is higher compared with the signal coming from the tubes, and this can be probably attributed to ͑a͒ the lower light absorption of the tissue in the head area, ͑b͒ the different tissue and tumor "geometry," and/or ͑c͒ the fast growth of the tumor over the 3 days between implantation and imaging. In Fig. 5 , all the previously discussed results from the tube and tumor imaging experiments are summarized in a plot of intensity versus emission wavelength ͑closed black symbols-inserted tubes, open white symbols-brain tumors͒.
Theoretical Calculation of the Transmitted Fluorescent Signal
To evaluate the theoretical model in Eq. ͑1͒, we examined the ability to predict the experimental measurements presented in Sec. 3.2. Spectrally dependent intensity profiles of the fluorescence from deep tissue were calculated using together ͑a͒ the spectral emission curves e m reported in the literature, 16, 17, 24 ͑b͒ the previously measured relative brightness B r Ј from Sec. 3.1 and ͑c͒ the ex vivo transmission T 0.8,0.4
from Fig. 1 . The resulting profile ͑shown in Fig. 5 -lines͒ demonstrates a good match between the experimental data and the theoretical approximation in the 514-and 610-nm centered bandpass emission windows. Using this model, we then predicted the performance of the new red-shifted FPs ͑RFP͒ for in vivo applications, in particular, mRFP, mPlum, mRaspberry, and Katushka. For this calculation, we used the in vivo relative attenuation curves from Fig. 1 and the calculated reduced relative brightness from Table 1 . Although a wide range of illumination wavelengths can be studied, we opted for examining the performance of laser lines that are generally available in a costefficient from: the well-established laser lines at 488 and 532 nm using argon-ion or doubled-frequency neodymium yttrium aluminum garnet lasers and the newly developed 594-nm continuous-wave diode-pumped solid state laser line. Figure 6 depicts a comparative plot of the 4-mm deeptissue fluorescent signal from the different FPs placed 8 mm away from the sources ͑see location details in Sec. 2.6͒. The maximum signal achieved for each FP is tabulated in Table 2 .
Except for GFP that emits in the green area of the spectrum, the detected fluorescence from the other FPs is above 600 nm because it is "shaped" by the spectral profile of the tissue absorption. For the particular depth where the tubes containing the fluorescence protein-expressing cells were placed, the maximum signal from Katushka excited at 594 nm was calculated to be 46 times stronger than GFP. Respectively, mRaspberry, mCherry, and mRFP were found to be 24, 18, and 17 times brighter than GFP. The mPlum maximum signal was 8.5 times brighter than GFP, but its spectral profile is smoother and shifted further in the red spectral region, with its peak at 650 nm, similar to Katushka. Finally, although tdTomato is the brightest protein in epi-illumination mode, it is by far outperformed in deep-tissue imaging applications by the other proteins.
The signal strength from the FPs shown in Fig. 6 is sensitive to the wavelength used for illumination, because the optical properties change rapidly in the area around 600 nm, as shown in Fig. 1 . Therefore, the calculations herein as well as the overall performance achieved are highly dependent on the exact excitation wavelength employed. To demonstrate this, the relative fluorescence intensities are calculated for two additional cases: when the 593-nm excitation wavelength is shifted by −2 nm ͑toward the UV͒ and by +2 nm ͑toward IR͒. The results are presented in Table 2 and deviations between 50% and 200% may be present; for example, the Katushka fluorescent signal can be 26 to 75 times higher than GFP.
Discussion and Conclusions
The ability to select optimal red-shifted FPs for whole-body applications becomes an involved task due to the availability of a large number of potent FPs and the steep change in the absorption spectrum of tissue around the 600-nm wavelength. In addition, the limited availability of economically available laser lines to appropriately excite these proteins in tomographic mode ͑i.e., using point illumination͒ further complicates the FP selection. This work, therefore, studied the relative Two different experimental approaches were presented to measure the intensity of the FP signals emerging from deep areas: ͑a͒ using tubes containing FP-expressing cells implanted into mice postmortem and ͑b͒ direct implantation of cells in mouse brains. Although the latter is directly related to realistic biomedical applications, the implanted tube approach offered many advantages:
1. Because a single mouse cadaver was employed, the body size, positioning, and "geometry" remained the same in all the measurements so that accurate comparisons could be performed between the different FPs through tissue. In contrast, tumor cell implantation in different mice may result in differences in implantation site ͑depth͒ and overall geometry, which presents particular challenges in accurately accounting for accurate one-to-one comparison, due to the strong nonlinear dependence of optical signal intensity to depth.
2. The concentration ͑number per volume͒ of the cells inside the tubes is measured in advance; on the other hand, tumor growth rate is not the same between different mice.
3. The implantable tube approach offers accurate control measurements when the WT cells were employed, enabling the direct measurement of tissue autofluorescence, in the same geometry as the one used for the FP signal measurement. This measurement can be directly subtracted from the other measurements to offer accurate measurements of FP-related fluorescence only.
The obvious disadvantage is that these measurements do not directly relate to in vivo measurements because in vivo and postmortem tissue spectra have significant differences, as shown in Fig. 1 . However, the use of the spectra in Fig. 1 allows for calculations of in vivo-related values from the ones achieved postmortem by taking into account the relative attenuation differences in each spectral region examined.
As demonstrated in Sec. 3.3, a small deviation in the excitation wavelength may yield a significant deviation in sensitivity performance; therefore, further red-shifting the excitation wavelength may yield significant sensitivity gains. In addition, the relative fluorescence intensity gain of the redshifted FPs compared with GFP depends on the position of the FPs inside the body. Herein, the geometry examined assumed that the source-protein and the protein-detector distances are 0.8 and 0.4 cm, respectively. This was selected as a typical worst-case scenario approach, where the highly attenuated excitation wavelength ͑Ͻ600 nm͒ propagates for a longer distance compared with the emission light. Other combinations where the fluorescence activity is deeper in the tissue ͑closer to the source plane͒ will yield higher signal intensity and sensitivity. For example, we have calculated the intensities in the "reverse geometry" where the source-protein and the protein-detector distances were 0.4 and 0.8 cm, respectively, with the detected fluorescence from Katushka being more than 700 times higher than the fluorescence of GFP ͑see reverse geometry column in Table 2͒ . Finally, more superficial activity ͑closer to the CCD camera plane͒ can be detected also in epi-illumination mode.
As a conclusion, the new FPs emitting in the red to nearinfrared part of the spectrum are expected to boost wholebody imaging due to the high intensity fluorescent signals when properly excited. The maximum signals coming from red-shifted FPs located deep inside tissue are stronger than the signals from GFP in every case examined experimentally and theoretically. The improvement in signal would be even higher if appropriate light sources at 600 to 610 nm were available. From our calculations, the highest emission intensity signal is expected from Katushka when excited with 594-nm laser radiation, although these values may be modified by certain biological parameters such as expression levels and expression sustainability, the pH of the microenvironment, and the detection system used. However, Katushka, mRaspberry, and mCherry appear to be the most suitable choices for whole-body FP imaging applications.
